Abstract: Nowadays, the global energy crisis has encouraged the use of alternative sources like the energy available in the water currents of seas and rivers. The vertical axis water turbine (VAWT) is an interesting option to harness this energy due to its advantages of facile installation, maintenance and operation. However, it is known that its efficiency is lower than that of other types of turbines due to the unsteady effects present in its flow physics. This work aims to analyse through Computational Fluid Dynamics (CFD) the turbulent flow dynamics around a small scale VAWT confined in a hydrodynamic tunnel. The simulations were developed using the Unsteady Reynolds Averaged Navier Stokes (URANS), Detached Eddy Simulation (DES) and Delayed Detached Eddy Simulation (DDES) turbulence models, all of them based on k-ω Shear Stress Transport (SST). The results and analysis of the simulations are presented, illustrating the influence of the tip speed ratio. The numerical results of the URANS model show a similar behaviour with respect to the experimental power curve of the turbine using a lower number of elements than those used in the DES and DDES models. Finally, with the help of both the Q-criterion and field contours it is observed that the refinements made in the mesh adaptation process for the DES and DDES models improve the identification of the scales of the vorticity structures and the flow phenomena present on the near and far wake of the turbine.
Introduction
The high energy demand, the political instability of major oil-producing regions, the depletion of fossil fuel reserves and the environmental problems due to the continuing deterioration of the global ecosystems have raised concerns about the future of energy. With this perspective, renewable energies have come to play an important role in society in order to reduce or eradicate these problems.
Hydropower is one of the most important renewable energy sources and has a great development potential. While the technology of conventional hydropower plants using dams is mature, there are future opportunities to install small-scale facilities in small rivers and streams, water and sewage treatment plants, as well as industrial water channels and in this way take advantage of these water bodies and extract the energy for local consumption. To transform the kinetic energy stored in the rivers and seas tidal currents into electrical energy, turbines are used, and these can be classified into two types, horizontal and vertical axis turbines. Darrieus turbines with straight blades, also known as Type H turbines or Giromills, are the simplest and most popular among vertical axis turbines. The main advantages of this type of turbine, unlike horizontal axis turbines, is that these no need for a mechanism to orient their blades with regard to the fluid, so they can be located in places where there is a high variation in the direction of the current, and they are easy to build, install and maintain at lower costs thanks to their geometric simplicity [1] . Despite the large number of advantages that vertical axis turbines have, the useful energy that can be obtained from them is lower compared to horizontal axis ones [2] . This fact is due to a great variety of phenomena present in the flow dynamics, like the detachment of tip vortices, their interaction with the blades and the drag effect on the arms.
With the advances in high-performance computing in recent years, in terms of increasing the capabilities of computers and the development of more advanced algorithms, Computational Fluid Dynamics (CFD) has become a fundamental and valuable tool for the analysis and design of vertical axis turbines. This tool is very useful during the design step, since it allows one to analyse the influence of different parameters that affect the overall performance of the turbine with lower implementation costs than experimentation and more practicality than the current analytical methods.
Previous works using CFD to determine the behaviour of vertical axis water turbines (VAWT) have focused mostly on 2-D models, because they require less CPU time resources than 3-D models. Dai and Lam investigated the hydrodynamic performance of a three-bladed VAWT using two-dimensional simulations and compared the results against experimental data of a Darrieus-type straight-bladed turbine prototype [3] . The k-ω Shear Stress Transport (SST) turbulence model was used in combination with a rotating grid using a general grid interface (GGI). A fairly good agreement was found between numerical and experimental performance parameters such as power and torque.
Lain and Osorio [4] developed CFD simulations using similar modelling techniques and compared the results with the experimental ones of the turbine prototype developed by Dai and Lam for a single Tip Speed Ratio (TSR). Nabavi [5] also used a 2D CFD model to simulate the performance of the turbine, and obtained numerical results similar to the experimental tests developed by Rawlings [6] . Ferreira et al. [7] studied a VAWT with NACA 0015 reference blades by 2-D numerical simulations using the Spalart-Allmaras, k-ε, Large Eddy Simulation (LES) and DES turbulence models. The results were compared with previous experiments showing a very good approximation for the DES model with the experimental data. Another conclusion of this study was that with LES, the result is not so accurate because the modelling of the flow in the closest areas to the blades of the turbine is not so precise. It is important to point out that hybrid models such as DES were developed for fully three-dimensional (3D) simulations given the fact that turbulence is a three-dimensional physical phenomenon. Lei et al. show the results of implementing an IDDES model in the simulation of a Darrieus vertical wind turbine. Using a non-adapted low-resolution mesh of 2 × 10 6 elements, the numerical results show very good agreement with the experimental data even better than RANS [8] .
Maître et al. [9] developed a scale model of a Darrieus turbine in a hydrodynamic tunnel and a 2D CFD model to study the influence of the y+ parameter on both the overall turbine performance and the local flow field. Numerical results show significant differences between the CFD model and the experimental results.
Marsh et al. [10] developed transient 3D simulations of a VAWT prototype with three straight blades using Reynolds Averaged Navier-Stokes (RANS) turbulence models and the numerical results were compared against experimental data of the characteristics of the flow, load and performance parameters. Pellone at al. performed a 3D URANS numerical modelling of a three-straight bladed cross flow turbine at different TSR, the results were compared with the simulations performed by Maître et al. [9] in a 2D CFD model, and it was shown that the 3D modelling significantly improves the average power coefficient predictions [11] . With the need that still exists to understand the flow phenomena in Darrieus vertical axis turbines, this work aims to evaluate the efficiency of a turbine when it operates under different TSR in a water tunnel, as well to analyse the dynamics of the flow when it is simulated using hybrid models. This study was conducted with a 3-D turbine geometry based on the work by Pellone et al. [11] and using URANS, DES and Delayed Detached Eddy Simulation (DDES) turbulence models.
Reference Experimental Set Up
For the present research, the experiments carried out in the hydrodynamic tunnel available at the Laboratory of Geophysics and Industrial Flows (LEGI) of Grenoble University in France were used as references [11, 12] . The dimensions of the test section of the hydrodynamic tunnel are 1000 mm length, 700 mm width and 250 mm height. The turbine model has three straight blades with modified NACA 0018 profile with a chord length of 32 mm. The height (span) of the turbine is 175 mm and has a 22 mm diameter shaft which holds the blades of their centers. Reference area is 0.030625 m 2 , the turbine solidity is 1.1 and the turbine diameter is 175 mm.
According to Maitre et al., in the test section the average water velocity ranges from 1 to 2.8 m/s which corresponds to flow rates of 0.073 to 0.600 m 3 /s [9] . The average velocity of the water is measured with a Pitot tube. Torque is measured with a frameless permanent magnet servomotor kit which is mounted in the upper side of the test section. To control the turbine's rotational speed a synchronous generator included in the kit is used. The angular position and velocity of the turbine are measured with a resolver. More details of the experimental set-up can be found in [9, 11, 12] . Figure 1 shows the computational domain used in the present study. In the computational model, some geometric details such as blade supports and other turbine accessories that influence the overall turbine performance were omitted. This simplification was assumed in order to reduce the computational cost during the simulations. Additionally, only half of the domain was generated, and the condition of symmetry was established in the model. The symmetry is defined at the bottom surface of the computational domain as indicated in Figure 1 . It is acknowledged that the assumption of symmetry in the model, especially for the hybrid RANS-LES simulations is a very strong assumption due to the 3D characteristics of turbulent flow. The use of this kind of boundary condition suppresses turbulent fluctuations, especially in such an important plane (mid plane) of the flow. The reason for implementing a symmetry in the model is only to reduce the computational cost of the simulation. It is important to mention that the computational domain is divided in two: a rotating (cylinder) of 1.5 times turbine diameter and another static domain with the same dimensions of the hydrodynamic tunnel (see Figure 1 ). This is done in order to implement the sliding mesh technique and to simulate the rotation of the turbine at a constant angular velocity. 
Methodology

Computational Domain
Mesh Generation
Four non-structured meshes were built using the commercial software ANSYS-ICEM and taking into account the parameters shown in Table 1 . The meshes were constructed with prismatic elements on the surface of the turbine blades, to correctly capture the turbulent boundary layer around the blades (Figure 2) .
It is clear the fine and extra fine meshes satisfy the criterion of y+ less than 1 at the blades surface (where + = √ ; is the distance to the wall, is the shear stress at the wall, is the density and is the kinematic viscosity). Satisfying this criterion implies that numerically the turbulent boundary layer is completely resolved, since the first cell of the mesh close to the blades is within the viscous sublayer. This requirement is also important in order to correctly predict the shear stresses and the forces over the blades. The rest of the domain was meshed with tetrahedral elements and no refinements were used at the tunnel walls. The boxes of densities (described by orange lines in Figure 3 ) were used to have a higher resolution in the zones of influence of the turbine as the wake and the surroundings of the blades, and also to ensure a less abrupt transition in the element size between near and far fields. 
Four non-structured meshes were built using the commercial software ANSYS-ICEM and taking into account the parameters shown in Table 1 . The meshes were constructed with prismatic elements on the surface of the turbine blades, to correctly capture the turbulent boundary layer around the blades (Figure 2 ). ; y is the distance to the wall, τ wall is the shear stress at the wall, ρ is the density and ϑ is the kinematic viscosity). Satisfying this criterion implies that numerically the turbulent boundary layer is completely resolved, since the first cell of the mesh close to the blades is within the viscous sublayer. This requirement is also important in order to correctly predict the shear stresses and the forces over the blades. The rest of the domain was meshed with tetrahedral elements and no refinements were used at the tunnel walls. The boxes of densities (described by orange lines in Figure 3 ) were used to have a higher resolution in the zones of influence of the turbine as the wake and the surroundings of the blades, and also to ensure a less abrupt transition in the element size between near and far fields. 
(mm)
Coarse (M4) 0.106 1.1 17 514,741 16.12 0.412 Medium (M3) 0.015 1.1 40 3,954,000 2.15 0.440 Fine (M2) 0.005 1.12 45 8,016,441 0.73 0.457 Extrafine (M1) 0.003 1.12 50 11,355,960 0.43 0.463
URANS k-ω SST Simulation Set-Up
The commercial software ANSYS-FLUENT v17 was used for the present work. Regarding boundary conditions (see Figure 4 ) on the velocity inlet was assigned a velocity of 2.8 m/s and a turbulence intensity of 2% which correspond to the values originally used by Amet [12] . It is important to mention that no experimental measurements are reported of the turbulence intensity for the water tunnel used at LEGI. 
The commercial software ANSYS-FLUENT v17 was used for the present work. Regarding boundary conditions (see Figure 4 ) on the velocity inlet was assigned a velocity of 2.8 m/s and a turbulence intensity of 2% which correspond to the values originally used by Amet [12] . It is important to mention that no experimental measurements are reported of the turbulence intensity for the water tunnel used at LEGI. The Reynolds number based on the chord length (Re) is given by:
where is the density of water, C is the chord length, µ the water dynamic viscosity and ∞ is the free stream velocity and ω is the angular velocity of the turbine. The TSR (λ) is the relation between the tangential velocity at the tip of the blade and the free stream velocity ( ∞ ) and is defined as:
The Reynolds number when λ is equal to 2 is 1.2 × 10 5 . A constant value of 0 Pa was imposed on the pressure outlet. On the lateral and bottom walls the non-slip wall condition was used. The condition of symmetry was assigned to the upper surface of the domain. The non-slip wall condition was used on the shaft and the turbine blades. In the rotating domain, the counterclockwise rotation velocity was changed as a function of the tip speed ratio being ω = 32 rad/s for λ = 1, ω = 64 rad/s for λ = 2, and ω = 80 rad/s for λ = 2.5. An interface condition was imposed between surfaces of the static zone and the zone with rotation in order to guarantee the continuity of mass and momentum fluxes. The time step was set equal to 2.72 × 10 −4 s, corresponding to a rotation angle ∆θ = 1 deg. Regarding space discretization, a second order upwind scheme was used for the convective terms. A number of iterations per time step (75) were performed and the velocity-pressure coupling parameter was handled with the SIMPLE method.
URANS Model Convergence
The four meshes shown in Table 1 were used for the validation study and the average power coefficient ( ̅̅̅ ) is the key variable of interest for this study. The total instantaneous power coefficient is defined as:
where T is the hydraulic torque exerted on the turbine. The power coefficient was averaged by integrating the instantaneous values on a revolution by the following equation: The Reynolds number based on the chord length (Re) is given by:
where ρ is the density of water, C is the chord length, µ the water dynamic viscosity and U ∞ is the free stream velocity and ω is the angular velocity of the turbine. The TSR (λ) is the relation between the tangential velocity at the tip of the blade and the free stream velocity (U ∞ ) and is defined as:
The four meshes shown in Table 1 were used for the validation study and the average power coefficient C P is the key variable of interest for this study. The total instantaneous power coefficient is defined as:
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where T is the hydraulic torque exerted on the turbine. The power coefficient was averaged by integrating the instantaneous values on a revolution by the following equation:
The average power coefficient (C P ) of the turbine at a tip speed ratio of λ = 2 was used as convergence criteria. The average power coefficient was calculated in the last revolution (5th) of the turbine when the evolution of C p achieved a periodic behaviour ( Figure 5 ). It is clear that when the mesh is refined, C P values converge, showing a difference between the fine and extrafine meshes of less than 2%.
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The average power coefficient ( ̅̅̅ ) of the turbine at a tip speed ratio of λ = 2 was used as convergence criteria. The average power coefficient was calculated in the last revolution (5th) of the turbine when the evolution of achieved a periodic behaviour ( Figure 5 ). It is clear that when the mesh is refined, ̅̅̅ values converge, showing a difference between the fine and extrafine meshes of less than 2%. In this study, grid convergence analysis was performed using three meshes (M3, M2 and M1) with the specifications given in Table 1 . The final results of the convergence analysis using the generalized Richardson extrapolation method [13] are summarized in Table 2 . It is clear that the numerical results are in the convergence region. 
DES Model Adaptation
The DES model is a combination of the RANS and LES models, the aim of this is to treat the boundary layer with RANS and to capture the outer detached vortices with LES [14, 15] . The mesh adaption process to use the DES model was made taking into account that the flow field can be divided into three basic regions: Euler Region, RANS Region and LES Region [16] .
For the refinements of the LES region and the so-called grey areas, an estimation of the LES filter was performed based on what has been reported in the literature [16] . To perform this procedure, the LES filter was initially approximated by dividing the characteristic length of the blade (blade chord length) 30 times, giving a LES filter value of Δ = 0.00106 m, which is less than ∅min = 0.003 m, the diameter of the smallest vortex captured in the fine mesh. The smallest diameter of the vortices was captured in the region of interest (ROI) by an image processing algorithm developed in MATLAB (Figure 6 ). In this study, grid convergence analysis was performed using three meshes (M3, M2 and M1) with the specifications given in Table 1 . The final results of the convergence analysis using the generalized Richardson extrapolation method [13] are summarized in Table 2 . It is clear that the numerical results are in the convergence region. 
For the refinements of the LES region and the so-called grey areas, an estimation of the LES filter was performed based on what has been reported in the literature [16] . To perform this procedure, the LES filter was initially approximated by dividing the characteristic length of the blade (blade chord length) 30 times, giving a LES filter value of ∆ = 0.00106 m, which is less than ∅ min = 0.003 m, the diameter of the smallest vortex captured in the fine mesh. The smallest diameter of the vortices was captured in the region of interest (ROI) by an image processing algorithm developed in MATLAB ( Figure 6 ). The objective of the algorithm is to filter the vortices shed by the blades in two ways, according to the intensity of the vorticity field in a plane and a geometric threshold. The threshold allows to identify vortices with a roughly circular or spiral pattern [17] . When the threshold is equal to 1 the algorithm identifies a vortex with a circular shape and as it decreases, vortices with spiral shape begin to be identified.
The measurement of the diameter of the vortices was performed in five planes along the span of the turbine, looking for the smallest vortex in the wake of the blades and the turbine. With the LES filter value of ∆ = 0.00106 m, the volume of refinement of the cells (∆ 3 = 1.2 × 10 −9 m 3 ) was estimated. Taking into account the computational cost of the simulations and to ensure a smooth transition between elements of the rotating domain and those of the wake of the turbine, a cell volume size of ∆ 3 = 1.5 × 10 −9 m 3 was used in the far field. The adaptation of the DES mesh was made with these two volumes of refinement. The total number of elements of the adapted mesh was 26 million as shown in Figure 7 .
For the temporal resolution, the time step of the URANS simulations was recalculated under the assumption that more precision than stability is required within the DES model simulations. The time step is calculated according to Spalart [16] as ∆t = ∆/Umax = ∆/1.5U∞ = 2.4 × 10 −4 s, where Umax, is the maximum velocity registered in the simulations, which in this case is approximately 1.5 times the velocity of the incident fluid flow. The objective of the algorithm is to filter the vortices shed by the blades in two ways, according to the intensity of the vorticity field in a plane and a geometric threshold. The threshold allows to identify vortices with a roughly circular or spiral pattern [17] . When the threshold is equal to 1 the algorithm identifies a vortex with a circular shape and as it decreases, vortices with spiral shape begin to be identified.
For the temporal resolution, the time step of the URANS simulations was recalculated under the assumption that more precision than stability is required within the DES model simulations. The time step is calculated according to Spalart [16] as ∆t = ∆/U max = ∆/1.5U ∞ = 2.4 × 10 −4 s, where U max , is the maximum velocity registered in the simulations, which in this case is approximately 1.5 times the velocity of the incident fluid flow.
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For the temporal resolution, the time step of the URANS simulations was recalculated under the assumption that more precision than stability is required within the DES model simulations. The time step is calculated according to Spalart [16] as ∆t = ∆/Umax = ∆/1.5U∞ = 2.4 × 10 −4 s, where Umax, is the maximum velocity registered in the simulations, which in this case is approximately 1.5 times the velocity of the incident fluid flow. 
Results
Power Coefficient
The power coefficient calculation of the turbine was performed for three different TSR, in order to compare the results with experimental data. Table 3 shows the comparison of numerical results of the simulations for three different TSR with respect to the experimental and numerical results reported by Pellone et al. [11] .
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Results
Power Coefficient
The power coefficient calculation of the turbine was performed for three different TSR, in order to compare the results with experimental data. Figure 8 shows Cp for several instantaneous positions of the turbine; the highest Cp for the three TSR values is found at the azimuthal positions of 330°, 210° and 90°, and the lowest one at 30°, 150° and 270°. Table 3 shows the comparison of numerical results of the simulations for three different TSR with respect to the experimental and numerical results reported by Pellone et al. [11] . It is clear the large differences are observed between the numerical and experimental results, nevertheless the results of the present work show better agreement that the results obtained by Pellone et al. [11] . In the 3D URANS numerical simulations performed by Pellone et al. [11] and referenced by [9] , the Cp average results of the same turbine used in the present study with and without the struts were compared against the experimental results only for λ = 2. The Cp average of the turbine without struts overestimate the Cp average prediction around 22%, in contrast the turbine It is clear the large differences are observed between the numerical and experimental results, nevertheless the results of the present work show better agreement that the results obtained by Pellone et al. [11] . In the 3D URANS numerical simulations performed by Pellone et al. [11] and referenced by [9] , the Cp average results of the same turbine used in the present study with and without the struts were compared against the experimental results only for λ = 2. The Cp average of the turbine without struts overestimate the Cp average prediction around 22%, in contrast the turbine with struts leads to an average Cp very close to the experimental value. The scope of the present numerical research does not include the evaluation of the effect of the struts in the average Cp because the struts also need a fine grid resolution at the wall (Y+ values less than 2), which would increase the computational costs of the simulations especially for the hybrid RANS-LES models. Figure 9 shows that for the three TSR the numerical results overestimate the values of the C P with regard to those obtained in experimentation. However, if such values are corrected with the estimated loss due to the supporting arms [9] , the corresponding points are much closer to the experiments (hollow squares in Figure 9 ). Figure 10 shows that a difference of less than 1% is obtained between the averaged Cp predicted by URANS and the hybrid models. Small differences are observed at azimuthal angles close to 90 • , 210 • and 300 • in which massive separation (dynamic stall) is occurring in the blades. These small differences are explained by the capabilities of the hybrid RANS-LES models to capture massively separated flows and to better predict the instantaneous forces at these azimuthal angles.
Energies 2018, 11, x 10 of 17 Figure 9 shows that for the three TSR the numerical results overestimate the values of the ̅̅̅ with regard to those obtained in experimentation. However, if such values are corrected with the estimated loss due to the supporting arms [9] , the corresponding points are much closer to the experiments (hollow squares in Figure 9 ). Figure 10 shows that a difference of less than 1% is obtained between the averaged Cp predicted by URANS and the hybrid models. Small differences are observed at azimuthal angles close to 90°, 210° and 300° in which massive separation (dynamic stall) is occurring in the blades. These small differences are explained by the capabilities of the hybrid RANS-LES models to capture massively separated flows and to better predict the instantaneous forces at these azimuthal angles. Figure 11 shows the instantaneous contours of turbulent viscosity ratio (TVR) for the three numerical models implemented in this study. For the DES and DDES model, it can be observed that TVR presents a great reduction, specifically in the near wake, when compared to URANS. Figure 11 shows the instantaneous contours of turbulent viscosity ratio (TVR) for the three numerical models implemented in this study. For the DES and DDES model, it can be observed that TVR presents a great reduction, specifically in the near wake, when compared to URANS. This reduction in the magnitude of the TVR is due to the treatment of the production term of the transport equations of the DES and DDES models when the mesh has the proper refinement. By having this behaviour in the DES and DDES models, it is possible to identify more turbulent scales in the near and distant wake of the turbine that are not appreciable in the URANS model.
Turbulent Viscosity Ratio (TVR)
Vorticity Field
In Figure 12 the evolution of vortices detached from the turbine blades can be observed at six different azimuth angles (θ) in the plane of symmetry for the URANS turbulence model at λ = 2. For This reduction in the magnitude of the TVR is due to the treatment of the production term of the transport equations of the DES and DDES models when the mesh has the proper refinement. By having this behaviour in the DES and DDES models, it is possible to identify more turbulent scales in the near and distant wake of the turbine that are not appreciable in the URANS model.
In Figure 12 the evolution of vortices detached from the turbine blades can be observed at six different azimuth angles (θ) in the plane of symmetry for the URANS turbulence model at λ = 2. For this case there is a strong detachment of vortices when the angle of attack increases, generating vortices at the leading edge of the blades that are transported along the blades and downstream of the turbine as in dynamic stall. The vortices that detach from the turbine blades (Figure 12 ), have higher intensity in the zone between the azimuthal angles θ = 150 • and θ = 270 • , in this zone the vortices of larger scale are convected downstream of the turbine and interact with the other blades.
Between an azimuthal angle of θ = 0 • and θ = 80 • , the flow is attached but at θ = 90 • the flow separation from the leading edge of the blade starts. As the turbine rotates, an initial vortex is generated at the trailing edge of the Blade 1, called A1+ (Figure 12 ), which begins to roll at θ = 150 • and circulates around the blade profile. Vortex A1+ is completely detached from the trailing edge when at θ = 210 • azimuthal position. From this point the vortex A1+ is convected, increasing its intensity downstream of the turbine by the interaction and possible stretching generated with the vortices shed at the trailing edge of Blade 1 at θ = 240 • . This happens until the Blade 3 impacts it and divides the vortex A1+ into two vortices that dissipate further downstream of the turbine. From Figure 12 , it can also be seen that at θ = 180 • for Blade 1 there is a counter-rotating vortex (B1−) which is shed from the trailing edge of the blade and dissipates rapidly in the same area of the turbine rotor.
A characteristic phenomenon of the operation of the vertical axis turbines is the dynamic stall which occurs at low TSR, and impacts turbine performance [7] . In order to understand how the phenomenon of dynamic stall of the turbine at different tip speed ratios occurs, contours of the vorticity field in the plane of symmetry for the URANS model were obtained (Figure 13 ).
At λ = 1, large vortices are shed from the blades due to the high angles of attack experienced at low λ, these vortices shed from the blades are convected downstream, impacting on the blades as they rotate, reducing blade performance and the generated torque. For the case λ = 2 there is a significant reduction in the size of the shed vortices due to the increase in the angular velocity of the blades with respect to the incident velocity. This reduction in the size of the vortices improves the performance and increases the torque generated by the turbine. It is also clear that the wake (far field) of the turbine is wider at λ = 1 than at λ = 2.
In Figure 14 , the behaviour of the vorticity field in the plane of symmetry for the three turbulence models (URANS, DES and DDES) is shown for λ = 2. In all three models there are similar characteristics such as the length of the distant wake and the trajectory of the flow of the vortices with negative magnitude that appear along the wake.
Although the RANS model defines the main vortices that are generated around the blades and at the top and bottom of the turbine wake, this model does not accurately describe their intensity, much less their propagation and dissipation downstream of the turbine. In the DES and DDES model, unlike the URANS model, a larger number of vortices can be observed in the wake. The largest vortices are present in the rotor area, whereas further back in the wake smaller vortices are appreciated.
From Figure 14 , it can also be observed that the expansion of the wake in the three models is smaller in the upper part than in the lower one. As a fact the vortices that emerge from the upper part, θ = 270 • to θ = 90 • , are weaker, whereas in the lower part, where the intensity and generation of vortices is stronger, the expansion of the wake is faster. Between an azimuthal angle of θ = 0° and θ = 80°, the flow is attached but at θ = 90° the flow separation from the leading edge of the blade starts. As the turbine rotates, an initial vortex is divides the vortex A1+ into two vortices that dissipate further downstream of the turbine. From Figure 12 , it can also be seen that at θ = 180° for Blade 1 there is a counter-rotating vortex (B1−) which is shed from the trailing edge of the blade and dissipates rapidly in the same area of the turbine rotor.
A characteristic phenomenon of the operation of the vertical axis turbines is the dynamic stall which occurs at low TSR, and impacts turbine performance [7] . In order to understand how the phenomenon of dynamic stall of the turbine at different tip speed ratios occurs, contours of the vorticity field in the plane of symmetry for the URANS model were obtained (Figure 13 ). At λ = 1, large vortices are shed from the blades due to the high angles of attack experienced at low λ, these vortices shed from the blades are convected downstream, impacting on the blades as they rotate, reducing blade performance and the generated torque. For the case λ = 2 there is a significant reduction in the size of the shed vortices due to the increase in the angular velocity of the blades with respect to the incident velocity. This reduction in the size of the vortices improves the performance and increases the torque generated by the turbine. It is also clear that the wake (far field) of the turbine is wider at λ = 1 than at λ = 2.
Although the RANS model defines the main vortices that are generated around the blades and at the top and bottom of the turbine wake, this model does not accurately describe their intensity, much less their propagation and dissipation downstream of the turbine. In the DES and DDES model, unlike the URANS model, a larger number of vortices can be observed in the wake. The largest vortices are present in the rotor area, whereas further back in the wake smaller vortices are appreciated. From Figure 14 , it can also be observed that the expansion of the wake in the three models is smaller in the upper part than in the lower one. As a fact the vortices that emerge from the upper part, θ = 270° to θ = 90°, are weaker, whereas in the lower part, where the intensity and generation of vortices is stronger, the expansion of the wake is faster. 
3D Visualization of Vortex Structures Using Q-Criterion
The Q-criterion is used to identify vortex structures in a flow field, generated by the interaction of fluid with solid surfaces. The Q-criterion is the second invariant of the velocity gradient across the flow field, and its objective is to identify a vortex in the zone where the second invariant of the velocity gradient tensor is positive and also the local pressure at that same point is less than the reference pressure [18] . This allows having more detail of the flow dynamics as opposed to what can be observed in a field contour of vorticity on a slice plane, since the dynamics of the vortices is a purely 3D phenomenon.
The stretching that the vortices undergo regarding their initial shape is associated with an increase of the vorticity component in the same direction of the stretching due to the principle of conservation of angular momentum.
An increase in the frequency of production of the vortices arising from the blades between θ = 180 • and θ = 270 • is observed for the DES and DDES models when compared to URANS. When the blades are between 90 • and 270 • a reduction in the intensity and length of the tip vortices generated at the trailing edge is evidenced; such decrease is associated with the variation of the lift experienced by the blades as they rotate by their different angular positions. DES and DDES models ( Figure 15 ) allow better visualization of the phenomenon of vorticity in the wake. This is because with the filter applied in the mesh adaptation process in the LES zone, more vortices are resolved properly and a smaller number of them are modelled. In this case, calculation time increases. However, the obtained result is likely more accurate. The stretching that the vortices undergo regarding their initial shape is associated with an increase of the vorticity component in the same direction of the stretching due to the principle of conservation of angular momentum.
An increase in the frequency of production of the vortices arising from the blades between θ = 180° and θ = 270° is observed for the DES and DDES models when compared to URANS. When the blades are between 90° and 270° a reduction in the intensity and length of the tip vortices generated at the trailing edge is evidenced; such decrease is associated with the variation of the lift experienced by the blades as they rotate by their different angular positions. DES and DDES models ( Figure 15 ) allow better visualization of the phenomenon of vorticity in the wake. This is because with the filter applied in the mesh adaptation process in the LES zone, more vortices are resolved properly and a smaller number of them are modelled. In this case, calculation time increases. However, the obtained result is likely more accurate. 
Computational Costs
To perform the simulation of the three turbulence models, 48 parallel Intel XEON E5620 processor cores and 96 GB of RAM were used. It is important to mention that these resources were dedicated that means that during the simulations they were used exclusively to carry out the described simulations. Table 4 summarizes the computational cost of the different turbulence models used in the present study per rotation of the turbine for λ = 2. 
Conclusions
A detailed 3D analysis of the flow around a Darrieus (H type) turbine in confined flow conditions in a water tunnel was presented. The performance of the turbine and the flow dynamics were investigated through numerical simulation employing the URANS, DES and DDES turbulence models, all of them based on k-ω SST. The numerical results of the URANS model for the three TSR studied (λ = 1, λ = 2 and λ = 2.5) show a similar behaviour to that expected regarding the experimental power curve of the turbine.
As a result, hybrid DES and DDES models do not show much difference in the computed power coefficient of the turbine with respect to the URANS model. However, it is noticed that the 3D simulations made with a proper refinement of the mesh in the DES and DDES models allow to identify the different scales of the vortical structures and the turbulent flow phenomena present in the turbine wake that are not appreciable in the URANS model. These 3D structures and the associated phenomena in the wake are of great importance since their interaction with other elements of the turbine influence the decrease of the overall performance of the turbine, produce noise and vibrations, all of them non-desirable effects to maintain the structural integrity of the device.
The results obtained in this study show that the URANS model based on k-ω SST model predicts very well the overall performance of the turbine with lower computational costs than either the DES or DDES models. Nevertheless, flow dynamics phenomena like blade tip vortex detachment, vortex stretching and the interaction of the vorticity structures with the blades and other components of the turbine are better resolved with hybrid models.
According to the results found in the experimentation and as found in this computational study, it is observed that the optimal operation speed happens close to λ = 2. The evaluation of the vorticity field in this tip speed ratio shows that the detached vortices in the blades and the shaft are smaller than the detached ones in the case λ = 1. For such a low λ, the dynamic stall phenomena are happening and therefore the turbine global performance decreases.
The prediction of the overall efficiency of the turbine can be improved if the turbine arms are added to the 3D CFD model [11] . Previous studies have shown that the drag force generated by these elements influence the decrease of the average C P and the generated torque; it is important to consider them also at the design step since modifications in the geometry of these elements would help to increase the efficiency of the turbine [19] . Funding: This research received no external funding and The APC was funded by Universidad de los Andes and Universidad Autonoma de Occidente.
